Part of a ribosomal ribonucleic acid (rRNA) cistron of Haemophilus ducreyi was enzymically amplified using conserved primers within the rRNA molecules, cloned in a plasmid vector, and sequenced. From the nucleotide sequence, eight oligonucleotides complementary to different regions in the 16s and 23s rRNA molecules were selected, chemically synthesized, and used as hybridization probes. Hybridization experiments with at least 41 H. ducreyi strains and 13 or 14 non-H. ducreyi strains revealed that all eight oligonucleotide probes were highly reliable and completely specific for H. ducreyi strains. Comparisons of 16s rRNA sequences confirm that H. ducreyi is a member of the Pasteurellaceae though not closely related to other species in this family.
Introduction
Haemophilus ducreyi, the causative agent of chancroid, is a fastidious Gram-negative bacterium, assigned to the genus Haemophilus by Kilian (1 976) on phenotypic grounds. Casin et al. (1985) and Albritton (1 989) showed that H . ducreyi is a homogeneous species which lacks DNA relatedness to other Haemophilus species or to other members of the family Pasteurellaceae. Based on these and other observations, Albritton (1989) questioned the inclusion of H . ducreyi in the family Pasteurellaceae. A recent study on the taxonomy of the Pasteurellaceae using DNA : rRNA hybridization shows that H. ducreyi is a distinct taxon in the family Pasteurellaceae (De Ley et al., 1990) . Although isolation and culture of H. ducreyi is difficult and the sensitivity of diagnosis by culture may be relatively poor, culture remains the method of choice for the diagnosis of chancroid (Ronald & Albritton, 1984) . A recent approach to the diagnosis of infectious agents makes use of DNA-probe technology (Viscidi & Yolken, 1987; Tenover, 1988) , which is particularly advantageous in the diagnosis of fastidious organisms. More recently the use of chromosomal DNA probes for the detection of growth-amplified H . ducreyi strains has been ~~ ~ Abbreoiarion : PCR, polymerase chain reaction.
The nucleotide sequence data reported in this paper have been submitted to GenBank and have been assigned the accession number M3815 1 -23SV.
reported (Parsons et al., 1989) . However, a DNA-probe assay for this micro-organism would be especially useful if direct detection in a clinical sample could be achieved. Due to the high sensitivity required, DNA probes targeting the abundant and single-stranded rRNA molecules are preferred to probes directed against genes located on the chromosome which, in general, are present in only one or a few copies. Earlier published results showed that despite the highly conserved character of the rRNA genes, high specificities could be attained when using short oligonucleotides complementary to certain regions in the rRNA molecules as hybridization probes (Haun & Gobel, 1987; Rossau et al., 1989) . Since H . ducreyi seems to be genotypically homogeneous and relatively distantly related to other known bacteria (Casin et al., 1985; De Ley et al., 1990) , the development of a species-specific rRN A-derived DNA probe should be feasible. Therefore, a rapid cloning system for r RN A genes was developed making use of the polymerase chain reaction (PCR) and oligonucleotide primers allocated within the more conserved regions of the rRNA molecules. The 16s rRNA gene and a part of the 23s rRNA gene of H . ducreyi CIP 542T were cloned and sequenced. Five 16s rRNA-derived oligonucleotides and three 23s rRNAderived oligonucleotides were chemically synthesized and their specificity (i.e. the ability to differentiate H. ducreyi organisms from others) and reliability (i.e. the ability to identify all H . ducreyi isolates) were evaluated.
R. Rossau and others
Alignment and signature analysis of the rRNA sequences were used to elucidate the taxonomic position of H . ducreyi.
Methods
Strains and culturing methods. H. ducreyi strains originating from different locations in Africa (52 strains), Asia (9 strains), Europe (14 strains) and North America (1 2 strains), predominantly isolated from genital ulcers, were used. These, and the reference strains of other bacterial species used, are listed in Table 1 . H. ducreyi cells, grown on Mueller-Hinton (BBL) agar supplemented with 5 % (v/v) heated (80 "C) horse blood, 1 % (v/v) Isovitalex (BBL), and 5% (v/v) foetal calf serum (Gibco) or on GC medium (Difco) agar supplemented with 1 % (w/v) bovine haemoglobin (Difco), 1 % (w/v) Isovitalex, and 5 % (v/v) foetal calf serum (Gibco) at 33-35 "C in a C o t , (5%, v/v) enriched atmosphere for 48 h, were supplied by P. Piot and collaborators (Institute of Tropical Medicine, Antwerp, Belgium).
DNA isolation. Whole-cell DNA was prepared essentially by the method of Marmur (1961) . Recombinant plasmids were isolated using the method described by Kahn et al. (1979) . For sequence analysis, plasmid DNA was purified using the Gene-Clean kit (BIO 101) as recommended by the manufacturers.
Preparation of the membranes. A few colonies of each isolate were scraped from the agar plate and applied to a Biodyne A transfer membrane (Pall Ultrafine Filtration Corp.). The cells were lysed by incubating the membranes at room temperature on Whatman 3 MM filter paper saturated with 10% (w/v) SDS. When lysis was apparent, usually after about 5 min, the membranes were dried and baked for 2 h at 80 "C. Purified whole-cell DNA was fixed to nitrocellulose membranes (BA 85, Schleicher & Schull) as described previously (Rossau et al., 1989) .
Oligonucleotide synthesis, purification and labelling. The oligonucleotides to be used as primers or probes were synthesized by the phosphitetriester method on a Cyclone 8400 DNA synthesizer (New Brunswick Scientific). The protected oligonucleotides were purified on Nensorb Prep columns (DuPont, NEN Research Products) as recommended by the manufacturers. The oligonucleotides were 5'-labelled with [ Y -~~P I A T P and T4 polynucleotide kinase (Pharmacia) (Maniatis et al., 1982) or tailed at their 3' end with digoxigenin-1 1-dUTP (Boehringer Mannheim) and terminal transferase (Boehringer Mannheim) in 0.1 Msodium cacodylate, pH 7.0, 1 mM-CoCl,, 0.1 mM-dithiothreitol and 50 pg bovine serum albumin ml-' for 30 rnin at 37 "C.
Enzymic amplification. A 2400 bp fragment of a rRNA cistron of H. ducreyi CIP 542T was enzymically amplified using the PCR technique, starting from 1 pg purified whole-cell DNA. The reagents supplied in the GeneAmp kit (Perkin-Elmer Cetus) were used according to the manufacturers' recommendations.
One hundred pmol of the following primers were added to a total reaction volume of 100 pl : TGGCTCAGAT TGAACGCTGG CGGC (primer 1) and CCTTTCCCTC ACGGTACTGG T (primer 2). After initial denaturation at 95 "C for 4min, 30 cycles were performed. Annealing was carried out for 2.5 min at 37 "C, extension for 3.5 min at 72 "C, and denaturation for 1.5 min at 95 "C. After 10min incubation at 72 "C and cooling to room temperature, the mixture was extracted with 200 pl CHC13. The aqueous phase was then recovered and the nucleic acids precipitated overnight at -20 "C with 0.3 M-sodium acetate and 2 vols ethanol. The pellet was dissolved in 20 p1 10 mM-Tris/HCI (pH 7.6), 1 mM-EDTA (TE), loaded onto a 1 % (w/v) agarose gel, and electrophoresed for about 90 min at 8 V cm-1. The gel portion containing the amplified DNA fragment of about 2400 bp was removed and the DNA eluted by centrifugation through an HVLP 025000 membrane filter (Millipore). The eluate was then extracted using phenol and ether, and the DNA precipitated with ethanol. The DNA was redissolved in 20 p1 TE and used for restriction analysis and cloning.
Cloning. The gel-purified 2400 bp PCR fragment was treated with Klenow enzyme to create blunt ends as described by Maniatis et al. (1982) , and the fragment was then further digested with XbaI. After overnight ligation at 15 "C with SmaI-XbaI-digested pSPT19 (Pharmacia), transformation in competent Escherichia coli MC 1061 and overnight culture on Luria-Bertani agar containing ampicillin (0-1 mg ml-I), clone analysis was performed on 16 colonies, as described by Birnboim & Doly (1979) .
Nucleic acid sequence determination. The inserts of the recombinants were sequenced using the dideoxy chain-termination method (Sanger et al., 1977 ) modified according to the protocol for double-stranded templates given in the reagent kit for DNA sequencing with Sequenase (United States Biochemical). Oligonucleotides complementary to sequences adjacent to the plasmid inserts or allocated in conserved areas of the rRNA genes were used as primers. Sequence comparison was done using the PC/GENE software provided by Intelligenetics Inc. and Genofit SA.
Hybridizations. Biodyne A membranes on which bacterial colonies were fixed were prehybridized in a mixture containing the following components: 3 x SSC (1 x SSC is 0.15 M-NaCI plus 0.015 M-sodium citrate, pH 7.0), 25 mM-sodium phosphate buffer (pH 7.1), 20% (v/v) deionized formamide, 0.02% Ficoll (type 400; Sigma), 0.02% bovine serum albumin, 0.02% polyvinylpyrrolidone, 0.1 mg sheared heatdenatured salmon sperm DNA ml-', and 0.2% SDS, usually for 0.5-1 h at the appropriate temperature. The hybridization mixture had the same composition except that approximately lo6 c.p.m. of 32P-labelled probe ml-l was added. Hybridizations were performed at the same temperature for 1-2 h. The membranes were washed for 30 min in 3 x SSC, 25 mM-sodium phosphate buffer (pH 7.1), 20% (v/v) deionized formamide, 0.2 % SDS at the hybridization temperature.
Nitrocellulose membranes (BA 85) were processed similarly except that SDS was omitted from the mixtures. Fuji RX film (Fuji Photo Film) was used for autoradiography. Hybridizations with digoxigeninlabelled probes were performed as described in the protocol sheet of the DNA labelling and detection kit nonradioactive (Boehringer) except that 3xSSC instead of 5xSSC was used and that the mixture contained 20% (v/v) deionized formamide unless otherwise stated. About 1 pmol digoxigenin-labelled probe was used per ml hybridization mixture.
Results

Enzymic ampIiJication and cloning
For the enzymic amplification, conserved primers allocated about 40 bp from the 5' end of the 16s rRNA gene and about 450 bp from the 5' end of the 23s rRNA gene were used (Fig. 1 ). As expected, enzymic amplification with these primers yielded a dominant product about 2400 bp in length and some minor fragments. The 2400 bp fragment was clearly visible on an ethidiumbromide-stained 1 % agarose gel after electrophoresis of 10% of the total amplification reaction yield starting from 1 pg purified whole-cell DNA from H. ducreyi CIP 542T (results not shown). Restriction endonuclease analysis of the purified 2400 bp PCR fragment revealed a unique restriction site for XbaI. Digestion of the amplified fragment with XbaI enabled the directional cloning of two XbaI blunt fragments of about 1600 bp and 800 bp, respectively, in the vector pSPT19 digested with SmaI and XbaI. Of the 16 clones analysed, one carried the 1600 bp fragment and six the 800bp fragment. The resulting recombinant plasmids containing the 1600 bp and 800 bp fragments, respectively, were named pHDA1 and pHDA2 (Fig. 1) . To facilitate the sequencing of the 16s and 23s rRNA genes, the subclones pHDA3, pHDA4, and pHDA6 were constructed by making use of the available restriction sites (see Fig. 1 ).
Nucleic acid sequence analysis
The sequencing reactions performed are indicated in Fig. 1 . Dideoxy chain-termination sequencing on the purified plasmid DNA resulted in clearly readable sequencing ladders with only a few ambiguities. The nucleotide sequences of the 16s rRNA gene (except for about 40 nucleotides at the 5' end) and the first 456 nucleotides at the 5' end of the 23s rRNA gene are shown in Fig. 2(a) and Fig. 2(b) , respectively. In the 16s and 23s rRNA genes all overlaps were obtained. The 3' end of the 16s rRNA gene and the 5' end of the 23s rRNA gene were determined by analogy with the E. coli sequences (Brosius et al., 198 1) . The G + C content of the 16s rRNA gene was 51.7 mol%, while that of the 5' end of the 23s rRNA gene was 43*9mol%. The base composition of the genome of H . ducreyi CIP 542T is approximately 39 mol% G + C (Casin et al., 1985; De Ley et al., 1990) .
The sequences were aligned with published sequences using the Fast scan program of PC/GENE and the percentage homology was calculated. The homology values obtained with partial 16s rRNA sequences of members of the Pasteurellaceae [regions A and B as described by Chuba et al. (1988) l and with 16s and 23s rRNA sequences of some other representative bacterial taxa are shown in Table 2 . The homology values for region B and particularly for region A were lower than those obtained with virtually complete 16s rRNA sequences. However, when regions A and B were combined, all homology values with members of the Pasteurellaceae (86-93 %) were higher than those obtained with other bacterial taxa (75-85 %). From Table 2, it can also be inferred that the sequenced 5' part of the 23s rRNA was not highly conserved.
Ninety-two of the 95 16s rRNA signature nucleotides of the purple bacteria (now named Proteobacteria ; Stackebrandt et al., 1988) as defined by Woese (1987) could be deduced. The sequence signature of H . ducreyi CIP 542T was highly similar to the sequence signature of gamma subdivision organisms. Only the following four of the 92 signature nucleotides compared differed from those of the gamma subdivision: (i) U instead of G at positions 718 and 760 in H. ducreyi (numbering as in Fig.  2 ) and E. coli (numbering as in Woese, 1987) , respectively; (ii) A instead of G or U at positions 1216 and 1260, respectively; (iii) U instead of G at positions 1253 and 1297, respectively; and (iv) A instead of G at positions 1254 and 1298, respectively. Twenty-two signature positions between H. ducreyi and members of the Pasteurellaceae (Chuba et al., 1988) could be compared and were found to be completely identical except that at position 390 (E. coli numbering), C instead of U was found in some species. It is striking, and most probably (Chuba et al., 1988) . The nucleotides in positions 1260, 1297, and 1298 (E. coli numbering) were not comparable.
The secondary structures of the 16s rRNA and the 5' end of the 23s rRNA were essentially identical to the consensus structures respectively proposed by Dams et al.
(1 988) and by both Gutell & Fox (1 988) and Hopfl et al. (1989) . The higher-order structure of the region between positions 180 and 220 (E. coli numbering) of the 16s rRNA of H. ducreyi is identical to that of beta and gamma subdivision organisms (Woese, 1987) .
Probe spec8city and reliability
From the available sequence information, subsequences allocated in variable regions of the 16s and 23s rRNA molecules (as described in Rossau et al., 1989) were selected. The target regions of probes 2 and 3 were compared with published sequences of other members of the Pasteurellaceae; at least four mismatches were found. In the target regions of all the probes tested at least six mismatches were observed with organisms not belonging to the Pasteurellaceae. Oligonucleotides varying from 20 to 28 nucleotides in length and complementary to these selected sequences were chemically synthesized, labelled and used as hybridization probes.
The probes were hybridized at different temperatures with dot-spotted whole-cell DNA of five H. ducreyi strains and several strains of other bacterial taxa including six strains belonging to different species in the family Pasteurellaceae. At stringent hybridization and wash temperatures (i.e. about 5 "C below the experimental dissociation temperature, Td, of the probe-target hybrid), none of the probes cross-hybridized with non-H. ducreyi strains. This is illustrated in Figs 3 and 4 ( a ) for probes 8 and 7, respectively. The results obtained with all probes tested are summarized in Table 3 .
Between 41 and 89 H. ducreyi strains isolated in different continents were screened at the hybridization and wash temperatures at which the probes were specific for H . ducreyi (Table 3) . Either dot-spotted purified whole-cell DNA or colonies directly applied to nylon membranes was used as target as illustrated in Fig. 4 for probe 7. The results are also summarized in Table 3 ; all probes gave unequivocal positive hybridization signals with all H . ducreyi strains tested at the hybridization and wash temperatures indicated. However, as shown in Fig.  3 , probe 8 no longer proved reliable when used at higher stringencies.
Discussion
Chancroid and its aetiological agent, Haemophilus ducreyi, have gained more interest in the last few years because of its increased incidence in industrialized countries and its association with human immunodeficiency virus infection (Albritton, 1989; Morse, 1989 In order to develop H . ducreyi-specific nucleic acid probes targeting rRNA, part of a rRNA cistron of the type strain (CIP 452T) was amplified in vitro using PCR with primers complementary to conserved regions in the 16s and 23s rRNA genes. Using such primers and a relatively small amount (1 pg) of whole-cell DNA, a 2400 bp fragment could readily be amplified. Unpublished results from our laboratory indicated that large amounts of amplified fragments, up to about 4500 bp in length, can be obtained from a variety of organisms starting from the amount of unpurified DNA present in one bacterial colony. Consequently this technique is particularly useful for obtaining sequence information from micro-organisms such as H . ducreyi for which mass cultures are difficult to produce or when the isolation of intact 16s or 23s rRNA molecules is problematic. Sequence comparison of a rRNA gene of the Neisseria gonorrhoeae type strain cloned conventionally (Rossau et al., 1988) or cloned via the PCR technique revealed no differences (R. Rossau and others, unpublished observations) , thereby confirming the fidelity of the technique as claimed by Medlin et al. (1988) .
After the amplification step, the fragment was gelpurified, cloned in a plasmid vector, and sequenced as shown in Fig. 1 . This approach was favoured over direct sequencing of purified rRNA (Lane et al., 1985) or enzymically amplified material without cloning (Edwards et af., 1989) for several practical reasons. Firstly, mass culture and rRNA purification is avoided since the procedure only requires a small amount of genomic DNA, which can easily be obtained. Secondly, the sequence information coming from purified plasmid templates is very reliable, in contrast to directly sequenced PCR material. The opposite strand is also available for sequencing, in contrast to direct rRNA sequencing. Thirdly, the sequence information obtained is more complete as compared with direct rRNA sequencing; only about 40 nucleotides at the 5' end of the 16s rRNA gene cannot be sequenced. Furthermore, if desired, 23s rRNA sequences and spacer region sequences can also be determined using the same clones. Comparable strategies for sequencing rRNA genes have been successfully employed recently by Medlin et al.
(1 988) and Huss & Sogin (1989) . Arguments corroborating the correctness of the rRNA gene sequences shown in Fig. 2 are : (i) conserved nucleotides matched with those of other published sequences (Dams et al., 1988) ; (ii) a comparable secondary structure could be obtained (see Results); (iii) mutations in stem structures were compensated by other mutations; and (iv) no differences were found in regions sequenced on opposite strands.
Comparison of rRNA molecular sequences, in particular the 16s rRNA, is a very important tool for studying the evolutionary relationships of organisms. Extensive studies have always been hampered by the timeconsuming cloning of the rRNA genes. The PCRassisted cloning of rRNA genes as described in this study and recently by other investigators (Medlin et al., 1988; Huss & Sogin, 1989 ) offers a fast and reliable alternative to the direct rRNA sequencing method of Lane et a f . (1985) .
In Bergey s Manual of Systematic Bacteriology, H . ducreyi is listed as an unequivocal Haemophilus species in the family Pasteurellaceae (Kilian & Biberstein, 1984) . However, its inclusion in the genus Haemophilus was solely based on morphological characteristics, X-factor requirements, and the mol% G + C of the genome. By themselves, these features have limited taxonomic significance, and until recently, no substantial evidence was available in support of the present classification of H . ducreyi. By contrast, Carlone et al. (1988) showed that the isoprenoid quinone structure of H . ducreyi is essentially different from that of other Haemophilus species. Cash et al. (1985) and Albritton (1989) Table 2 ); in fact, the homology values obtained with these species suggest a relationship at or below the genus level. This is in complete agreement with the findings of De Ley et al. (1990) . Nevertheless, the exact taxonomic position of H . ducreyi within the Pasteurellaceae on the basis of rRNA sequences must await more complete sequence data on more taxa of this complex bacterial family.
A valuable DNA probe for the laboratory diagnosis of chancroid should not hybridize to strains not belonging to the species H . ducreyi, and should hybridize to all H . ducreyi strains regardless of origin. Lack of reliability is one of the main problems encountered with serodiagnosis of H . ducreyi; indeed, Asian material does not crossreact adequately with sera of African origin and vice versa (Museyi et al., 1988) . The hybridization results summarized in Table 3 show that all probes tested were highly reliable and completely specific. Except for probe 8, the hybridization experiments were performed at high stringencies (about 5 "C below Td), but most of the probes did not lose their specificity at lower stringencies (about 10-15 "C below Td). The fact that all the probes are completely specific suggests a rather distant relatedness of H . ducreyi to other taxa tested including six strains of different species in the Pasteurellaceae. The high reliability found for all probes tested indicates that H . ducreyi is a genotypically homogeneous taxon. This corroborates the DNA :DNA hybridization results of Casin et al. (1985) . No or only minor sequence differences seem to exist in the rRNA molecules of isolates from different origins, since the probes used were derived from the most variable regions within the rRNA molecules. A higher degree of sequence variability was observed among strains of H . ducreyi solely in the 23s rRNA region targeted by probe 8, but it remains to be determined whether this variability is epidemiologically relevant.
The H . ducreyi-specific probes described in this study can be used directly on bacterial cells immobilized and briefly lysed on nylon membranes. As such, the probes have applications for culture confirmation of H . ducreyi.
However, the probes may be of greater value in the rapid detection and control of chancroid if they can be combined with a non-radioactive detection system enabling noncultural diagnosis in clinical material. Since the H . ducreyi probes do not cross-hybridize with relatively closely related species of the genera Haemophilus, Actinobacillus, or Pasteurella, it is highly unlikely that these probes would cross-react with more remotely related organisms which may be found in urogenital samples.
